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OXYGEN CONSUMPTION
DETERMINATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This patent application claims the priority benefit under
35 US.C. § 119(e) of U.S. Provisional Application No.

62/968,197, filed on Jan. 31, 2020, the contents of which are
herein incorporated by reference.

TECHNICAL FIELD OF THE INVENTION

The 1invention relates to a method, apparatus and tangible
machine-readable medium for determining a subject’s oxy-
gen consumption

BACKGROUND OF THE INVENTION

Measurements of oxygen consumption volume (VO2)
and carbon dioxide production volume (VCO2) may be
usetul 1n certain applications such as anesthesia, critical care
and nutrition management. Simultaneous measurements of
VO2 and VCO2 may be reterred to as metabolic monitoring,
since the amount of energy expenditure of the body can be
inferred by these two measurements (this 1s known as
‘indirect calorimetry’). VO2 measurements are of particular
interest in subjects such as critical patients since VO2 1s
intimately related to the transport of oxygen from the lungs
to the tissues that need this oxygen. As such, VO2 may
provide significant insights into the cardiovascular and

metabolic status of a subject.
VO2 1s defined as the difference between the inhaled

volume of O2 (V, ,02) and the exhaled volume of O2
(V_,02), as shown by the following formula:

ext

VO2=V, ,02-V_,;02

Both the inhaled and exhaled oxygen volumes are deter-
mined (e.g., by direct measurement or indirect estimation) to
infer the subject’s VO2.

S1ze, cost and accuracy of existing systems have limited
the application of VO2 measurements. Thus, VO2 measure-
ments may not be commonly performed 1n certain climical
sCenarios.

Expensive and bulky metabolic cart systems may be used
for measuring the oxygen consumption volume. These sys-
tems may require a long start-up time and may be used
intermittently.

More compact systems, which may be known as breath-
by-breath systems, rely on high-frequency measurements of
O2 concentration within a gas flow. O2 sensors for performs-
ing such measurements may be regarded as expensive. Their
accuracy may be highly dependent on the precise time
alignment of the measured O2 concentration and gas tlow
wavelorms.

In certain systems for determining the oxygen concentra-
tion 1n gas exhaled by a subject, V__, 02 1s measured directly
whereas V, .02 1s mferred indirectly. Mechanically venti-

lated patients often mnhale a mixture of gas with an oxygen
fraction (F102) higher than the 21% typical of ambient air.
The F102 value 1s used as an mput for the calculation of and,
in turn, of VO2. The F102 value may be estimated from a
manually-input value (e.g., from the F102 value set by the
ventilator).
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Once the F102 value has been estimated, V, 02 can be
calculated by measuring the instantaneous inhalation gas
flow rate (Q,, ;) and itegrating the product of F102 and Q,, ,
over the nhalation time:

Vinhozzf fnthoz(r )$anh(f)df

This calculation requires relatively fast measurements of
the F102 value and precise alignment of the F102 and Q, ,
wavelorms (similar to so-called breath-by-breath systems).

Another way to calculate 1s by assuming that F102 1s
Ticiently constant during the breath to be approximated

with its time average (indicated as ‘tilde Fi02’, F102) and
using the Haldane transformation to estimate the inhalation
volume from the (measured) exhalation volume V__,. The
Haldane equation 1s based on the assumption that the
volumes of inhaled and exhaled nitrogen are equal. By
measuring the gas flow only during the exhalation phase
(from which the volume 1s computed), this equation allows
the computation of the inhalation volume V_ , as follows:

SU

Vin=V e ((1-F,02-F,CO2))/(1- £, 0 2))

Where F O2 refers to the measured fraction (1.e., the
concentration) of oxygen of sampled exhalation gas and
where F,CO2 refers to the measured fraction (i.e., the
concentration) ol carbon dioxide sampled exhalation gas.
V. .O2 1s then approximated as:

Vi, 02V, * F102=v_, (1-F,02-F,CO2))/(1-
F 02y« F102

At high F102 levels (e.g., F102>60%), where volumes of
nitrogen are very small, the Haldane equation becomes
ill-conditioned and severely affects the accuracy of the VO2
computation. For this reason, certain commercial metabolic
measurement systems are not indicated for use with
F102>60%. Even at more moderate F102 levels (e.g., F102
of order 40%), the VO2 computation may still be erroneous.

With lower levels of F102, the Haldane transtformation 1s
more accurate, but the accuracy of the resulting V, ,O2
estimate heavily depends on the accuracy of the Fi102
estimation, as well as on the capability of the ventilator to
maintain F102 as constant throughout the inhalation phase.

SUMMARY OF THE INVENTION

Aspects or embodiments described herein relate to
improving oxygen consumption monitoring. Aspects or
embodiments described herein may obwviate one or more
problems associated with oxygen consumption monitoring
in certain scenarios.

According to a first aspect, a method 1s described. The
method may be a computer-implemented method. The
method comprises receiving an indication of an oxygen
fraction 1n a sample of inhalation gas delivered by a venti-
lator for inhalation by a subject. The method further com-
prises recerving an indication of an oxygen fraction in a
sample of exhalation gas exhaled by the subject. The method
comprises receiving an indication of a measurement of a
flow rate of the exhalation gas. The method comprises
determining the subject’s oxygen consumption based on the
indication.

In some embodiments, the indication of the oxygen frac-
tion 1n the sample of the imhalation gas and the oxygen
fraction 1n the sample of the exhalation gas comprises an
indication of a diflerence 1n the oxygen fraction between the
samples of the inhalation gas and the exhalation gas.

In some embodiments, the indication of the difference 1s
determined by an oxygen concentration sensor exposed to
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both the sample of the inhalation gas and the sample of the
exhalation gas. The samples of the inhalation gas and the
exhalation gas may be 1solated from each other.

In some embodiments, the indication further comprises a
carbon dioxide fraction 1n the sample of the exhalation gas
exhaled by the subject. The subject’s oxygen consumption,
VO2, may be determined according to:

VO2=V _,;,*Fl02-FeO2+V __,* (F1O2-FeO2-
FeCO2p((F102y/1-F102y),

exh exh

where V__, refers to a volume of the exhaled gas deter-
mined based on the measurement of the flow rate of the
exhalation gas, F102-FeO2 refers to the difference in the
oxygen fraction, FeCO?2 refers to the carbon dioxide fraction

in the sample of the exhalation gas, and Fi102 refers to a
time-averaged oxygen fraction in the sample of the inhala-
tion gas.

In some embodiments, the indication further comprises a
measurement of a tlow rate of the mhalation gas.

In some embodiments, the subject’s oxygen consumption,
VO2, 1s determined according to:

VO2=V__ *Fi02-Te02+(V, ,—V_y* F102,

exh

where V__, refers to a volume of the exhaled gas deter-
mined based on the measurement of the flow rate of the
exhalation gas, FulO2-FeO2 refers to the difference in the

oxygen Iraction, V., , refers to a volume of the inhaled gas
determined based on the measurement ot the flow rate of the

inhalation gas, and F102 refers to a time-averaged oxygen
fraction 1n the sample of the inhalation gas.

In some embodiments, the indication further comprises a
measurement of a flow rate of the inhalation gas. The
subject’s oxygen consumption, VO2, may be determined
according to:

VO2=F02*V, ,~FeO2*V

exfiy

where FutO2 refers to a measurement of an oxygen fraction
in the sample of the inhalation gas, V, , refers to a volume
of the inhaled gas determined based on the measurement of
the flow rate of the inhalation gas, FeO2 refers to a mea-
surement of an oxygen fraction in the sample of the exha-
lation gas, and V__, refers to a volume of the exhaled gas
determined based on the measurement of the tlow rate of the
exhalation gas.

According to a second aspect, a tangible machine-read-
able medium 1s described. The tangible machine-readable
medium stores 1mstructions, which when executed by at least
one processor, cause the at least one processor to implement
any method described herein such as according to the first
aspect or any embodiments described herein.

According to a third aspect, apparatus 1s described. The
apparatus comprises a first chamber for sampling inhalation
gas delivered by a ventilator for inhalation by a subject. The
apparatus further comprises a second chamber for sampling
exhalation gas exhaled by the subject. The apparatus further
comprises a gas concentration sensing system. The gas
concentration sensing system 1s configured to obtain an
indication of an oxygen fraction of sampled inhalation gas 1n
the first chamber and an oxygen fraction of sampled exha-
lation gas 1n the second chamber. The gas concentration
sensing system 1s further configured to send the indication to
a determining module for determining the subject’s oxygen
consumption based on the indication and a measurement of
a flow rate of the exhalation gas.

In some embodiments, the first chamber 1s configured to
allow sampled inhalation gas to be mixed with previously-

10

15

20

25

30

35

40

45

50

55

60

65

4

sampled inhalation gas in the first chamber. The second
chamber may be configured to allow sampled exhalation gas
to be mixed with previously-sampled exhalation gas 1n the
second chamber.

In some embodiments, the apparatus further comprises
the determining module.

In some embodiments, the gas concentration sensing
system comprises an oxygen concentration sensor. The
oxXygen concentration sensor may comprise a first oxygen
sensing portion configured to be exposed to the inhalation
gas. The oxygen concentration sensor may further comprise
a second oxygen sensing portion configured to be exposed to
the exhalation gas. The gas concentration sensing system
may be able to determine a difference between the oxygen
fraction 1n the sampled inhalation gas and the oxygen
fraction 1n the sampled exhalation gas.

In some embodiments, the gas concentration sensing
system comprises a first oxygen concentration sensor con-
figured to be exposed to the inhalation gas. The gas con-
centration sensing system may further comprise a second
oxygen concentration sensor configured to be exposed to the
exhalation gas. The gas concentration sensing system may
be able to determine the oxygen fraction in the sampled
inhalation gas and the sampled exhalation gas.

In some embodiments, the apparatus comprises a carbon
dioxide concentration sensor. The carbon dioxide concen-
tration sensor may be configured to determine a carbon
dioxide fraction 1n the sampled exhalation gas.

In some embodiments, the apparatus comprises an exha-
lation gas flow sensor for measuring the flow rate of the
exhalation gas. In some embodiments, the apparatus com-
prises an 1nhalation gas flow sensor for measuring the flow
rate of the inhalation gas.

Certain technical benefits may be realized by these
aspects or embodiments. For example, these aspects or
embodiments may at least one of: improve the accuracy of
02 measurements of inhalation gas; facilitate fast and/or
high frequency O2 measurements; reduce cost associated
with a system for determining oxygen consumption while
meeting certain criteria 1 terms of accuracy ol oxygen
consumption determination; reduce a need for time align-
ment of oxygen concentration measurements and gas flow
rate wavelorms; provide a compact system for measuring
VO2 consumption; and improve accuracy ol measurements
of oxygen consumption at certain levels of F102 which may
otherwise cause errors 1n the measurements.

These and other aspects of the invention will be apparent

from and elucidated with reference to the embodiment(s)
described hereinaiter.

BRIEF DESCRIPTION OF DRAWINGS

Exemplary embodiments of the invention will now be
described, by way of example only, with reference to the
following drawings, 1n which:

FIG. 1 refers to a method of determining a subject’s
oxygen consumption according to an embodiment;

FIG. 2 1s a schematic drawing of apparatus according to
an embodiment;

FIG. 3 1s a schematic drawing of apparatus according to
an embodiment;

FIG. 4 1s a schematic drawing of apparatus according to
an embodiment;

FIG. 5 1s a table comparing performance ol certain
apparatus described herein; and
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FIG. 6 1s a schematic drawing of a machine-readable
medium for determining a subject’s oxygen consumption
according to an embodiment.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

L1l

FIG. 1 shows a method 100, which may be a computer-
implemented method, of determining a subject’s oxygen
consumption. The method 100 comprises recerving, at block
102, an indication of certain measurements performed by
certain apparatus, as will be described 1n more detail herein.

In this embodiment, the indication comprises an oxygen
fraction (F102) 1n a sample of inhalation gas delivered by a
ventilator for inhalation by a subject. The oxygen fraction
may refer to an oxygen concentration of the inhalation gas
such as measured 1n a mixing chamber for sampling the
inhalation gas.

The indication further comprises an oxygen fraction 1n a
sample of exhalation gas exhaled by the subject. The oxygen
fraction may refer to an oxygen concentration of the exha-
lation gas such as measured mm a mixing chamber for
sampling the exhalation gas.

The indication further comprises a measurement of a flow
rate (Q_ ,) of the exhalation gas. The flow rate of the
exhalation gas may refer to a rate of volume (e.g., volume
per unit time) of gas generated due to the subject exhaling.
The flow rate may be determined using a gas flow sensor
configured to measure the tlow rate of the exhalation gas.

The method 100 further comprises, at block 104, deter-
mimng the subject’s oxygen consumption based on the
indication. The i1ndication may provide suflicient informa-
tion in order to allow for improved oxygen consumption
monitoring and/or obviating one or more problems associ-
ated with oxygen consumption monitoring in certain sce-
narios.

Obtaiming the 1indication of the oxygen fraction (F102) in
the sample of the mnhalation gas delivered by a ventilator for
inhalation by a subject may improve the accuracy of O2
measurements ol inhalation gas. A more accurate measure-
ment of the F102 value may reduce the error 1n the calcu-
lation of the oxygen consumption.

In some embodiments, the indication of the oxygen frac-
tion 1n the sample of the ihalation gas and the oxygen
fraction 1n the sample of the exhalation gas comprises an
indication of a diflerence 1n the oxygen fraction between the
samples of the ihalation gas and the exhalation gas.

The indication of the difference may be determined by an
oxygen concentration sensor, as will be described 1n greater
detail herein, exposed to both the sample of the inhalation
gas and the samples of the exhalation gas. In this case, the
samples of the inhalation gas and the exhalation gas are
1solated from each other. In other similar words, the sample
of the inhalation gas and the sample of the exhalation gas
may be 1solated from each other such that no mixing of the
samples of the inhalation gas and exhalation gas may occur.
However, the oxygen concentration sensor may be config-
ured to measure (e.g., simultaneously measure) the oxygen
concentration level (e.g., oxygen fraction) i each of the
samples of the inhalation gas and the exhalation gas by
virtue of a first sensing portion of the oxygen concentration
sensor being exposed to the sample of the inhalation gas and
a second, separate, sensing portion of the oxygen concen-
tration sensor being exposed to the sample of the exhalation
gas. For example, the oxygen concentration sensor may be
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6

configured to measure a diflerential 1 the oxygen concen-
tration level (1.e., between the samples of the inhalation gas
and the exhalation gas).

In some embodiments, the indication further comprises a
carbon dioxide fraction (e.g., carbon dioxide concentration)
in the sample of the exhalation gas exhaled by the subject.
Where the carbon dioxide fraction 1s measured (e.g., using
a carbon dioxide concentration sensor), the subject’s oxygen
consumption, VO2, may be determined according to:

VO2=V__ *Fi02-FeO2+V__ *(FiO2-FeO2-
Feco2y*((F102)/1- F102)),

exh

where V__, refers to a volume of the exhaled gas deter-
mined based on the measurement of the flow rate of the
exhalation gas (Q,,, ), FLO2-FeO?2 refers to the difference 1n
the oxygen fraction, FeCO2 refers to the carbon dioxide

fraction 1n the sample of the exhalation gas, and F102 refers
to a time-averaged oxygen fraction in the sample of the
inhalation gas.

In some embodiments, the indication further comprises a
measurement of a flow rate of the inhalation gas (Q,, ;). The
flow rate may be determined using a flow sensor configured
to measure the flow rate of the inhalation gas.

Where the measurement of the flow rate of the inhalation
gas 15 determined, the subject’s oxygen consumption, VO2,
may be determined according to:

VO2=V__*F02-FeO2+(V, ,-V__)* F102,,

exh

where V__, refers to a volume of the exhaled gas deter-
mined based on the measurement of the flow rate of the
exhalation gas, F1O2-FeO2 refers to the difference in the
oxygen Iraction, V., , refers to a volume of the inhaled gas
determined based on the measurement of the flow rate of the

inhalation gas, and Fi102 refers to a time-averaged oxygen
fraction in the sample of the inhalation gas.

In some embodiments, the indication further comprises a
measurement of a flow rate of the imhalation gas where the
subject’s oxygen consumption, VO2, 1s determined accord-
ing to:

VO2=Fi02*V. ,~FeO2*V

exfn

where FLO2 refers to a measurement of an oxygen fraction
in the sample of the inhalation gas, V, , refers to a volume
of the inhaled gas determined based on the measurement of
the flow rate of the inhalation gas, FeO2 refers to a mea-
surement of an oxygen fraction in the sample of the exha-
lation gas, and V__, refers to a volume of the exhaled gas
determined based on the measurement of the flow rate of the
exhalation gas.

FIG. 2 shows an apparatus 200, which may facilitate or at
least partially implement certain methods described herein
such as described in relation to the method 100. The
apparatus 200 comprises a gas concentration sensing system
210.

The gas concentration sensing system 210 1s configured to
obtain an indication of an oxygen fraction in a sample of
inhalation gas delivered by a ventilator 202 for inhalation by
a subject 204. The arrow extending from the ventilator 202
to the subject 204 represents the inhalation gas delivered by
the ventilator 202 to the subject 204.

The gas concentration sensing system 210 1s further
configured to obtain an indication of an oxygen fraction 1n
a sample of exhalation gas exhaled by the subject 204. The
arrow extending from the subject 204 to the ventilator 202
represents the exhalation gas from the subject 204 which
may, 1 some cases, by recerved by the ventilator 202 or
otherwise disposed of.




US 11,678,815 B2

7

Accordingly, the gas concentration sensing system 210
may provide at least part of the indication as referred to in
block 102 of the method 100 (1.e., the indication provided by
the gas concentration sensing system 210 may comprise an
oxygen fraction in the sample of the inhalation gas and an
oxygen fraction in the sample of the exhalation gas).

The gas concentration sensing system 210 1s further
configured to send the indication to a determining module
212 for determining the subject’s oxygen consumption
based on the imndication and a measurement of a flow rate of
the exhalation gas. The determining module 212 may com-
prise processing circuitry for determining the subject’s oxy-
gen consumption. The determining module 212 may imple-
ment block 104 of the method 100, for example, by
receiving an indication of a measurement of a flow rate
(Q..,) of the exhalation gas, as will be discussed 1n more
detail herein.

In some embodiments, the determiming module 212 may
form part of the apparatus 200 1tself (e.g., the apparatus 200
may comprise processing circuitry for determining the sub-
ject’s oxygen consumption). In some embodiments, the
determining module 212 may be implemented by a separate
computing device such as a personal computing device,
server or cloud-based service.

FIG. 3 shows an apparatus 300, which may facilitate or at
least partially implement certain methods described herein
such as the method 100. Similar to the apparatus 200, the
apparatus 300 comprises a gas concentration sensing system
310, which may provide the same or similar functionality to
the apparatus 200. Features of the apparatus 300 correspond-
ing to the apparatus 200 are represented by reference signs
incremented by 100 compared with those indicated 1n FIG.
2.

The gas concentration sensing system 310 1s configured to
obtain an indication of an oxygen Iraction in a sample of
inhalation gas delivered by a ventilator 302 for inhalation by
a subject 304. The inhalation gas 1s delivered from the
ventilator 302 to the subject 304 via an inhalation gas
connector 306 (e.g., a pipe) and an interface (not shown)
such as a facial mask or nasal cannula for allowing the
subject to 1nhale the inhalation gas.

The gas concentration sensing system 310 1s further
configured to obtain an indication of an oxygen Iraction in
a sample of exhalation gas exhaled by the subject 304. The
exhalation gas 1s delivered from the subject 304 to the
ventilator 302 via the iterface and an exhalation gas con-
nector 308 (e.g., a pipe).

Similar to FIG. 2, the gas concentration sensing system
310 of FIG. 3 1s further configured to send the indication to
a determining module 312 for determining the subject’s
oxygen consumption based on the indication and a mea-
surement of a flow rate of the exhalation gas.

The gas concentration sensing system 310 comprises a
first chamber 314a for sampling the inhalation gas and a
second chamber 3145 for sampling the exhalation gas. The
first chamber 314q 1s configured to allow sampled 1nhalation
gas to be mixed with previously-sampled inhalation gas in
the first chamber 314a. The second chamber 3145 1s con-
figured to allow sampled exhalation gas to be mixed with
previously-sampled exhalation gas in the second chamber
3145.

A first sampling line 316a connects the inhalation gas
connector 306 to the first chamber 314a. A second sampling
line 31656 connects the exhalation gas connector 308 to the
second chamber 3145. Although not shown by FIG. 3, each
of the sampling lines 316a, 3160 may comprise two sam-
pling connectors (e.g., two separate pipes). A first of these
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sampling connectors 1s used for collecting gas to be sampled
from the respective gas connector 306, 308 (1.e., to allow the
gas to be sampled to tlow from the respective gas connector
306, 308 to the respective chamber 314a, 3145). A second of
these sampling connectors 1s used for returning sampled gas
from the chambers 314, 3145 (1.¢., to allow the sampled gas
to tlow from the respective chamber 314a, 3145 to the
respective gas connector 306, 308). Thus, the sampling lines
3164, 3165 allow sampled gas to tlow from the respective
gas connectors 306, 308 to the respective chambers 314a,
314H and then be returned to the respective gas connectors
306, 308.

The sampling lines 316a, 31606 may divert a fixed per-
centage of the instantaneous gas flow passing through the
respective gas connector 306, 308 to the corresponding
chamber 314a, 3145. This may be referred to as proportional
sampling. This proportional sampling may ensure that the
gases 1n the chambers 314a, 3145 contain the respiratory
gases (€.g., oxygen, nitrogen, and carbon dioxide) in the
same proportion as the overall inhalation gas and exhalation
gas. In some embodiments, the proportional sampling can be
achieved via a passive system where the sampled gas tlows
naturally through the sampling lines 316a, 3165. In some
embodiments, an active component such as a gas pump
and/or active valve may be used to sample flow 1n a
proportional fashion. In some embodiments, the sampling of
the inhalation and exhalation gases may be performed at a
constant gas flow rate (e.g., the sampling may ensure that the
gas flows through the sampling lines 316a, 3166 at a
constant rate rather than corresponding to the instantaneous
gas flow through the respective gas connector 306, 308).

A first sampling port 318a 1s provided for connecting the
two sampling connectors of the first sampling line 3164 to
the 1nhalation gas connector 306. A second sampling port
3185 1s provided for connecting the two sampling connec-
tors of the second sampling line 3165 to the exhalation gas
connector 308. Although not shown by FIG. 3, the sampling
ports 318a, 3185 may each comprise an inlet and an outlet
provided 1n a wall of the respective gas connectors 306, 308.
Each respective inlet may be connected to its respective
chamber 314a, 3145 via the first of the sampling connectors
of each of the sampling lines 316a, 3165. Each respective
outlet may be connected to 1ts respective chamber 314a,
3145 via the second of the sampling connectors of each of
the sampling lines 316a, 3165.

The gas concentration sensing system 310 comprises an
oxygen concentration sensor 320. The oxygen concentration
sensor 320 comprises a first oxygen sensing portion config-
ured to be exposed to the inhalation gas (e.g., in the first
chamber 314a). The oxygen concentration sensor 320 fur-
ther comprises a second oxygen sensing portion configured
to be exposed to the exhalation gas (e.g., 1n the second
chamber 314b6). The oxygen concentrator sensor 320 may
ecnable the gas concentration sensing system 310 to deter-
mine a difference between the oxygen fraction in the sample
of the inhalation gas and the oxygen fraction in the sample
of the exhalation gas.

The first and second chambers 314a, 31454 are 1solated
from each other by an 1solating wall 322 such that there 1s
no mixing of the gas between the two chambers 314a, 3145.
The oxygen concentration sensor 320 1s disposed 1n an
aperture in the 1solating wall 322 between the first and
second chambers 314a, 3145 1n such a way that first oxygen
sensing portion 1s exposed to the sample of the inhalation
gas 1n the first chamber 314q and the second oxygen sensing
portion 1s exposed to the sample of the exhalation gas 1n the
second chamber 314b. Thus, the first and second oxygen
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sensing portions of the oxygen concentration sensor 320 are
exposed to the oxygen concentration 1n each of the first and
second chambers 314a, 3145 and the sensor 320 determines
the difference i1n the oxygen concentration between the
samples 1n the first and second chambers 314a, 3145. Thus,
in some embodiments, the oxygen concentration sensor 320
may function as a diflerential oxygen concentration sensor.

In some embodiments, the chambers 314a, 3145 may be
referred to as mixing chambers (e.g., for allowing the
sampled gas to be mixed over a period of time). The
chambers 314a, 3145 may avoid the need for a fast or high
frequency oxygen concentration sensor to be used since the
change 1n concentration of the gas in the chambers 314a,
3146 may be a relatively slow process. Further, where the
measurements are performed 1n mixing chambers, 1ssues
with complex time alignment of oXygen concentration mea-
surements and gas flow rate waveforms may be avoided.
Thus, a relatively slow oxygen concentration sensor may be
used for measuring the oxygen concentration. The use of a
single (and potentially relatively slow) oxygen concentra-
tion sensor 320 1n this embodiment may save costs associ-
ated with the apparatus 300 compared with using a faster
and/or more oxygen concentration sensors.

The two chambers 314a, 31406 may be relatively small
chambers, which may provide a relatively compact appara-
tus 300. In some embodiments the two chambers 314a, 31456
may share the same external wall and 1solating wall 322 for
1solating the two chambers 314a, 314b. The chambers 314a,
31456 may collect small representative samples of both the
inhaled and exhaled gases, which, being mixed inside said
chambers, can be analyzed by a relatively slow, inexpensive
oxygen concentration sensor, as described above. The use of
two 1solated chambers 314a, 3145 may allow for the mea-
surements of the oxygen volume supplied by the ventilator
302 (via the inhalation gas connector 306) and returned to
the ventilator 302 (via the exhalation gas connector 308),
which by definition (in the absence of leaks) 1s equal to the
volume of oxygen consumed by the patient (VO2). The
resulting VO2 (and potentially also VCO2) measurements
are provided 1n ml per breath or in ml/min as average over
a given amount of time (e.g., one or more minutes). Sam-
pling only part of the inhalation and exhalation gases may
allow the apparatus 300 to be provided in relatively compact
form.

In some embodiments, a determination of the carbon
dioxide fraction may be used in the computation of the
oxygen consumption and/or carbon dioxide production.
Thus, in some embodiments, the apparatus 300 further
comprises a carbon dioxide concentration sensor 324 con-
figured to determine a carbon dioxide fraction 1n the sample
of the exhalation gas.

An exhalation gas flow sensor 326 1s provided for mea-
suring the flow rate of the exhalation gas (which may be
used by the determiming module 312 to calculate the oxygen
consumption). In some embodiments, the apparatus 300
comprises the exhalation gas flow sensor 326. In some
embodiments, the exhalation gas flow sensor 326 1s pro-
vided as part of or used in conjunction with the ventilator
302 (i.e., separate from the apparatus 300).

In some embodiments, an inhalation gas flow sensor 328
1s provided for measuring the tlow rate of the inhalation gas
(which may be used by the determining module 312 to
calculate the oxygen consumption). In some embodiments,
the apparatus 300 comprises the inhalation gas flow sensor
328. In some embodiments, the inhalation gas flow sensor
328 is provided as part of or used in conjunction with the
ventilator 302 (1.e., separate from the apparatus 300).
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As will be discussed 1n more detail below, the determi-
nation of the oxygen fraction, carbon dioxide fraction and
the flow rate of the exhalation gas may be used to determine
the oxygen consumption (and where appropriate, certain
other parameters of interest such as carbon dioxide produc-
tion, energy expenditure and/or respiratory quotient).

An example nominal (ground-truth) VO2 for a mechani-
cally ventilated subject may be 350 ml/min. For example,
the subject may consume an average of 350 ml/min of
oxygen and produce 200 ml/min of carbon dioxide. The
subject may be ventilated with a minute ventilation of 5.85
lpm, 1.¢., the total expired gases amount to an average of
5.85 liters per minute, and with a fraction of inspired oxygen
(F102) of 40%, 60% and 80% (1.e., 3 different example
scenarios).

The general equation to estimate VO2 1s:

VO2=F02*V, ,-FeO2*V __,

where the bar indicates concentrations of the (sampled)
mixed gases (1.e., the inspiratory gases are represented by
F1O2; and the expiratory gases are represented by FeO2).

The different configurations of certain embodiments
described herein lead to diflerent implementations of the
above general equation for VO2.

In some examples, neither FLO2 nor V, , are measured.
The latter may be estimated via the Haldane transformation
and the former may either be measured as a time-averaged
value (which may be different from the mixed gas average
concentration) via a dedicated oxygen concentration sensor
or estimated from the ventilator 302 setting (which may be
aflected by errors). To indicate that the values of F102 are
not from measurements of mixed gases and therefore are
aflected by errors, the tilde symbol 1s used 1n lieu of the bar.
The oxygen consumption may thus be expressed as:

vo2=F102xy _ «(1-F,03-FT02)/(1- ;0 2))-
FeO2*V

exfi?

where F,CO2 refers to the concentration of the carbon
dioxide 1n the sampled (e.g., mixed) exhalation gas. Accord-
ingly, this expression for the oxygen consumption may be

affected by errors, particularly where F02 is large (e.g.,
much greater than 20% such as >40% or >60%).

For the apparatus 300 of FIG. 3, the formula used to
compute VO2 can be modified in the light of the fact that
neither F102 nor FeO2 are measured 1n the chambers 314a,
3145. Rather, the difference 1n oxygen concentration (
FLO2-FeO2) is measured by the oxygen concentration sen-
sor 320. V, , 1s again computed via the Haldane equation.
After algebraic manipulation, the following formula for
oxygen consumption using the apparatus of FIG. 3 1s
obtained:

VO2=V__*Fl02-FeO2+V__, *(FLO2-FeO2-

FeCO2y*(( F102y)(1- FLO2y)

Note that F102 is used by itself 1 the second term of the
formula and, since it 1s not measured but estimated (e.g.,
from the ventilator 302 setting), the value may be aflected by
CITOr.

In some embodiments, the inhalation gas flow sensor 328
may be used to provide an indication of a measurement of
V. .. With the same configuration but adding a flow sensor
on the inhalation side, the Haldane equation 1s not used and
the formula for oxygen consumption can be expressed as:

e ——

*FlO2—TeO2+(V, ,— V. y* F'102

VO2=V

exh
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Thus, 1n certain embodiments where the inhalation gas
flow sensor 328 1s provided, 1t may not be necessary to use
a carbon dioxide concentration sensor 1n order to calculate
the oxygen consumption, which may save on costs and/or
complexity of the apparatus 300.

FIG. 4 shows an apparatus 400, which may facilitate or at
least partially implement certain methods described herein
such as the method 100. Similar to the apparatus 200, 300,
the apparatus 400 comprises a gas concentration sensing
system 410, which may provide the same or similar func-
tionality to the apparatus 200, 300. Features of the apparatus
400 corresponding to the apparatus 400 are represented by
reference signs incremented by 100 compared with those
indicated 1n FIG. 3. For brevity, certain features of the
apparatus 400 are not described where the functionality of
the corresponding feature in FIG. 3 1s similar or has already
been described.

The gas concentration sensing system 410 comprises a
first chamber 414a for sampling the inhalation gas and a
second chamber 4146 for sampling the exhalation gas.
Although the first and second chambers 414a, 414b are
depicted as being separate from each other, 1n some embodi-
ments, they may have the same structure as depicted by FIG.
3 albeit with certain differences as noted below.

In contrast to the gas concentration sensing system 310 of
FIG. 3, the gas concentration sensing system 410 of FIG. 4
comprises two independent oxygen concentration sensors
where a first oxygen concentration sensor 420q 1s configured
to be exposed to the sample of the inhalation gas and a
second oxygen concentration sensor 4205 1s configured to be
exposed to the sample of the exhalation gas. The first and
second oxygen concentration sensors 420a, 4205 enable the
gas concentration sensing system 410 to directly determine
the oxygen Iraction in the sampled inhalation gas and the
sampled exhalation gas rather than the difference between
the oxygen fraction in the sample of the inhalation gas and
the sample of the exhalation gas (as 1s the case for FIG. 3).

In some embodiments, a determination of the carbon
dioxide fraction may be used in the computation of the
oxygen consumption and/or carbon dioxide production.
Thus, 1n some embodiments, the apparatus 400 further
comprises a carbon dioxide concentration sensor 424 con-
figured to determine a carbon dioxide fraction 1n the sample
of the exhalation gas.

An exhalation gas flow sensor 426 1s provided for mea-
suring the flow rate of the exhalation gas. In some embodi-
ments, the apparatus 400 comprises the exhalation gas flow
sensor 426. In some embodiments, the exhalation gas flow
sensor 426 1s provided as part of or used 1n conjunction with
the ventilator 402 (1.e., separate from the apparatus 400).

An 1nhalation gas flow sensor 428 1s also provided for
measuring the flow rate of the inhalation gas. In some
embodiments, the apparatus 400 comprises the inhalation
gas flow sensor 428. In some embodiments, the inhalation
gas flow sensor 428 1s provided as part of or used in
conjunction with the ventilator 402 (1.e., separate from the
apparatus 400).

As will be discussed 1in more detail below, the determi-
nation of the oxygen fraction in the first and second cham-
bers 414a, 4145 and the flow rate of the inhalation and
exhalation gases may be used to determine the oxygen
consumption (and where appropriate for certamn embodi-
ments, certain other parameters of interest such as carbon
dioxide production, energy expenditure and/or respiratory
quotient).

Thus, 1 FIG. 4, the mhalation and exhalation gases are
completely and independently characterized (in terms of
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both volumes and oxygen concentrations). Accordingly, all
of the measurements are available and VO2 can be com-
puted with the general formula:

VO2=F02*V, ,~FeO2*V__,

As will be discussed in more detail below, the apparatus
400 of FIG. 4 may provide measurements leading to a more
accurate calculation of the oxygen consumption compared
with the measurements provided by, for example, the appa-
ratus 300 of FIG. 3.

FIG. 5 1s a table showing the percentage error (err VO2%)
in the oxygen consumption calculation for different errors 1n
the oxygen fraction in the sampled inhaled gas for various
apparatus configurations. The error 1n the estimates of VO2
1s due to an error 1n the F102 value used in lieu of tilde F102
in the equations above. In other words, we introduce the
following expression into the equations described above.

F102 —Fi07+ertFiO2

where the values of errF102 are indicated 1n the table of
FIG. 5. The results for four diflerent apparatus configura-
tions are discussed at different levels of F102 (i1.e., 20%,
40% and 60%). The apparatus configuration ‘Com. EX.’
refers to the results for a comparative example where the
values of F102 are not from measurements of sampled/
mixed gases, such as described above. The apparatus con-
figuration ‘FIG. 3’ refers to the results for the apparatus 300
of FIG. 3 without the measurement provided by the 1nhala-
tion gas tlow sensor 328. The apparatus configuration **FIG.
3’ refers to the results for the apparatus 300 of FIG. 3 but
with the measurement provided by the mhalation gas flow
sensor 328. The apparatus configuration ‘FIG. 4 refers to
the results for the apparatus 400 of FIG. 4.

Where there 1s an error 1n estimating F102, the percentage
error 1n the oxygen consumption results for the comparative
example are large, especially so for high values of Fi102.
Errors 1n the assessment of mixed-gas F102 of 0.5% produce
double-digit relative errors 1n the final VO2 reading, even at
relatively low (e.g., F102=40%).

The apparatus 300 of FIG. 3 instead maintains the error
within a few percent even when the error 1n the estimation
of F102 estimates 1s above 2%. This error may be considered
acceptable for certain applications. As such, with a single
(differential) oxygen concentration sensor, the apparatus 300
of FIG. 3 may provide reasonable results i terms of
performance while maintaining cost eflectiveness. As 1s
apparent from the results in the table, the VO2 error is
smaller when an inhalation gas tlow sensor 1s used.

Accordingly, the results for certain embodiments
described herein are significantly improved compared with
the comparative example. For example, with or without the
inhalation gas flow sensor 328, the results for the apparatus
300 of FIG. 3 demonstrate that the VO2 value can be
computed with significantly less percentage error than for
that of the comparative example. The results for the appa-
ratus 400 of FIG. 4 provide the most improved results
compared with the other apparatus configurations. Thus, the
measurements taken using the apparatus 400 of FIG. 4 may
be used to provide an accurate calculation of the VO2 value.
However, the measurements taken using the apparatus 300
of FIG. 3 may still provide a relatively accurate calculation
of the VO2 value while also reducing the number of oxygen
concentration sensors and/or gas tlow sensors used com-
pared with FIG. 4.

FIG. 6 shows a tangible machine-readable medium 600
storing instructions 602 which, when executed by at least
one processor 604, cause the at least one processor 604 to
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implement certain methods described herein (such as the
method 100 of FIG. 1). For example, the instructions 602
may comprise instructions 606 to cause the at least one
processor 604 to receive an indication of: an oxygen fraction
in a sample of inhalation gas delivered by a ventilator for
inhalation by a subject; an oxygen fraction in a sample of
exhalation gas exhaled by the subject; and a measurement of
a flow rate of the exhalation gas. The instructions 602 further
comprise mstructions 608 to cause the at least one processor
604 to determine the subject’s oxygen consumption based
on the indication.

One or more features described 1n one embodiment may
be combined with or replace features described in another
embodiment. For example, the method 100 of FIG. 1 may be
modified based on {features described 1n relation to the
apparatus 200, 300, 400 of FIGS. 2, 3 and 4, and vice versa.
Further, certain features of one of the apparatus 200, 300,
400 may be combined with, replace or otherwise modily
certain features of another of the apparatus 200, 300, 400.

Embodiments in the present disclosure can be provided as
methods, apparatus, systems or as a combination of machine
readable mstructions and processing circuitry. Such machine
readable 1nstructions may be included on a non-transitory
machine (for example, computer) readable storage medium
(including but not limited to disc storage, CD-ROM, optical
storage, etc.) having computer readable program codes
therein or thereon.

The present disclosure 1s described with reference to flow
charts and block diagrams of the method, devices and
systems according to embodiments of the present disclosure.
Although the flow charts described above show a specific
order of execution, the order of execution may differ from
that which 1s depicted. Blocks described 1n relation to one
flow chart may be combined with those of another flow
chart. It shall be understood that each block in the flow
charts and/or block diagrams, as well as combinations of the
blocks in the flow charts and/or block diagrams can be
realized by machine readable instructions.

The machine readable mstructions may, for example, be
executed by a general purpose computer, a special purpose
computer, an embedded processor or processors of other
programmable data processing devices to realize the func-
tions described 1n the description and diagrams. In particu-
lar, a processor or processing circuitry, or a module thereof,
may execute the machine readable instructions. Thus func-
tional modules of the apparatus 200, 300, 400 (for example,
the determiming module 212, 312, 412) and other devices
described herein may be implemented by a processor
executing machine readable instructions stored in a memory,
Oor a processor operating in accordance with instructions
embedded 1n logic circuitry. The term ‘processor’ 1s to be
interpreted broadly to include a CPU, processing unit, ASIC,
logic unit, or programmable gate array etc. The methods and
functional modules may all be performed by a single pro-
cessor or divided amongst several processors.

Such machine readable instructions may also be stored 1n
a computer readable storage that can guide the computer or
other programmable data processing devices to operate 1n a
specific mode.

Such machine readable instructions may also be loaded
onto a computer or other programmable data processing
devices, so that the computer or other programmable data
processing devices perform a series of operations to produce
computer-implemented processing, thus the instructions
executed on the computer or other programmable devices
realize functions specified by block(s) in the tlow charts
and/or 1n the block diagrams.
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Further, the teachings herein may be implemented in the
form of a computer program product, the computer program
product being stored in a storage medium and comprising a
plurality of instructions for making a computer device
implement the methods recited in the embodiments of the
present disclosure.

Elements or steps described 1n relation to one embodi-
ment may be combined with or replaced by elements or steps
described 1n relation to another embodiment. Other varia-
tions to the disclosed embodiments can be understood and
cllected by those skilled 1n the art in practising the claimed
invention, from a study of the drawings, the disclosure, and
the appended claims. In the claims, the word “comprising”
does not exclude other elements or steps, and the indefinite
article “a” or “an” does not exclude a plurality. A single
processor or other unit may fulfil the functions of several
items recited in the claims. The mere fact that certain
measures are recited in mutually different dependent claims
does not indicate that a combination of these measures
cannot be used to advantage. A computer program may be
stored or distributed on a suitable medium, such as an optical
storage medium or a solid-state medium supplied together
with or as part of other hardware, but may also be distributed
in other forms, such as via the Internet or other wired or
wireless telecommunication systems. Any reference signs in
the claims should not be construed as limiting the scope.

The mvention claimed 1s:

1. A method, comprising:

recerving an indication of:
an oxygen Iraction in a sample of inhalation gas

delivered by a ventilator for inhalation by a subject;
an oxygen Iraction 1 a sample of exhalation gas
exhaled by the subject; and

a measurement of a flow rate of the exhalation gas; and

determining the subject’s oxygen consumption based on
the indication;

wherein the indication of the oxygen fraction in the
sample of the inhalation gas and the oxygen fraction 1n
the sample of the exhalation gas comprises an indica-
tion of a difference 1n the oxygen fraction between the
samples of the inhalation gas and the exhalation gas;
and

wherein the indication further comprises a carbon dioxide
fraction 1n the sample of the exhalation gas exhaled by
the subject, and wheremn the subject’s oxygen con-
sumption, VO2, 1s determined according to:

VO2=V__,*FlO2-FeO2+V_ . *(FLO2-FeO2-
FeCO2)*(( F1O2))/(1- F102),

exh

where V__, reters to a volume of the exhaled gas determined
based on the measurement of the flow rate of the exhalation
gas, FLO2-FeO2 refers to the difference i the oxygen
fraction, FeCO2 refers to the carbon dioxide fraction in the

sample of the exhalation gas, and Fi;02 refers to a time-
averaged oxygen fraction in the sample of the inhalation gas.

2. The method of claim 1, wherein the indication of the
difference 1s determined by an oxygen concentration sensors
exposed to both the sample of the inhalation gas and the
sample of the exhalation gas, wherein the samples of the
inhalation gas and the exhalation gas are 1solated from each
other.

3. The method of claim 1, wherein the indication further
comprises a measurement of a flow rate of the inhalation
gas, and wherein the subject’s oxygen consumption, VO?2, 1s
determined according to:

VO2=Fi02*V, ,~FeO2*V

exin
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where FuO2 refers to a measurement of an oxygen fraction
in the sample of the inhalation gas, V, , refers to a
volume of the inhaled gas determined based on the
measurement of the flow rate of the inhalation gas,
FeO?2 refers to a measurement of an oxygen fraction in
the sample of the exhalation gas, and V__, refers to a
volume of the exhaled gas determined based on the
measurement of the flow rate of the exhalation gas.

4. A method, comprising:

receiving an indication of:
an oxygen Ifraction i a sample of inhalation gas

delivered by a ventilator for inhalation by a subject;
an oxygen Iraction in a sample of exhalation gas
exhaled by the subject; and

a measurement of a flow rate of the exhalation gas; and

determining the subject’s oxygen consumption based on
the indication;

wherein the indication further comprises a measurement
of a flow rate of the inhalation gas; and

wherein the subject’s oxygen consumption, VO2, 1s deter-
mined according to:

* FiO2,

where V__, refers to a volume of the exhaled gas determined
based on the measurement of the tlow rate of the exhalation
gas, FuO2-FeO2 refers to the difference in the oxygen
fraction, V, , refers to a volume of the inhaled gas deter-
mined based on the measurement of the tlow rate of the

VO2=V__ *Fi02-FeO2+(V, -V

ext exh

inhalation gas, and Fi102 refers to a time-averaged oxygen
fraction 1n the sample of the inhalation gas.
5. An apparatus comprising;
a first chamber for sampling inhalation gas delivered by a
ventilator for inhalation by a subject;
a second chamber for sampling exhalation gas exhaled by
the subject; and
a gas concentration sensing system comprising
processor executable code configured to:
obtain an indication of an oxygen fraction of sampled
inhalation gas in the first chamber and an oxygen
fraction of sampled exhalation gas in the second
chamber; and
send the indication to a determining module for deter-
mining the subject’s oxygen consumption based on
the indication and a measurement of a flow rate of
the exhalation gas;
wherein the gas concentration sensing system comprises
an oxygen concentration sensor comprising:
a first oxygen sensing portion configured to be exposed
to the inhalation gas; and
a second oxygen sensing portion configured to be
exposed to the exhalation gas, to enable the gas
concentration sensing system to determine a differ-
ence between the oxygen fraction in the sampled
inhalation gas and the oxygen fraction 1n the sampled
exhalation gas.
6. The apparatus of claim 5, wherein:
the first chamber 1s configured to allow sampled 1nhala-
tion gas to be mixed with previously-sampled inhala-
tion gas in the first chamber; and

5

10

15

20

25

30

35

40

45

50

55

16

the second chamber 1s configured to allow sampled exha-
lation gas to be mixed with previously-sampled exha-
lation gas 1n the second chamber.

7. The apparatus of claim 5, further comprising the
determining module.

8. The apparatus of claim 5, further comprising a carbon
dioxide concentration sensor configured to determine a
carbon dioxide fraction in the sampled exhalation gas.

9. The apparatus of claim 3, further comprising at least
one of: an exhalation gas flow sensor for measuring a tlow
rate of the exhalation gas; and an 1nhalation gas flow sensor
for measuring the tlow rate of the inhalation gas.

10. An apparatus comprising;:
a first gas mixing chamber for sampling inhalation gas

delivered by a ventilator for inhalation by a subject;
a second gas mixing chamber for sampling exhalation gas

exhaled by the subject; and
a gas concentration sensing system comprising processor

executable code configured to:

obtain an indication of an oxygen Iraction of sampled
inhalation gas 1n the first gas mixing chamber and an
oxygen Iraction of sampled exhalation gas in the
second gas mixing chamber; and

send the indication to a determining module for deter-
mimng oxygen consumption of the subject based on

the indication and a measurement of a tlow rate of
the exhalation gas;

wherein the gas concentration sensing system comprises
an oXygen concentration sensor comprising:

a first oxygen sensing portion configured to be exposed to
the inhalation gas 1n the first gas mixing chamber; and

a second oxygen sensing portion configured to be exposed
to the exhalation gas 1n the second gas mixing chamber,
to enable the gas concentration sensing system to
determine a difference between the oxygen fraction 1n
the sampled mhalation gas and the oxygen fraction in
the sampled exhalation gas.

11. The apparatus of claim 10, wherein the gas concen-
tration sensing system comprises a partition between the first
gas mixing chamber and the second gas mixing chamber.

12. The apparatus of claim 11, wheremn the oxygen
concentration sensor 1s disposed within the partition.

13. The apparatus of claim 12, wherein the oxygen
concentration sensor 1s configured to obtain the indication of
the oxygen fraction of sampled inhalation gas in the first gas
mixing chamber and the oxygen fraction of sampled exha-
lation gas 1n the second gas mixing chamber simultaneously.

14. The apparatus of claim 11, whereimn the oxygen
concentration sensor 1s configured to obtain the indication of
the oxygen fraction of sampled inhalation gas in the first gas
mixing chamber and the oxygen fraction of sampled exha-
lation gas 1n the second gas mixing chamber simultaneously.

15. The apparatus of claim 10, comprising:

a first sampling line communicating between an inhala-
tion gas connector and the first gas mixing chamber;
and

a second sampling line communicating between an exha-
lation gas connector and the second gas mixing cham-
ber.
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